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Coronin 1 is a member of the evolutionarily conserved coronin protein family. Coronin proteins are
characterized by the presence of a central WD repeat and a C-terminal coiled coil that in coronin 1 is
responsible for trimerization. Coronin 1 was identiﬁed as a host protein protecting intracellularly
residing mycobacteria from degradation by activating the Ca2+/calcineurin pathway but whether
or not trimerization is essential for this function remains unknown. We here show that trimeriza-
tion is essential to promote mycobacterial survival within macrophages and activate calcineurin.
Furthermore, macrophage activation that induces serine-phosphorylation on coronin 1 resulted
in coronin 1 monomerization. These results suggest that modulation of coronin 1 oligomerization
is an effective way to determine the outcome of a mycobacterial infection in macrophages.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Coronin proteins are found in all eukaryotic species, and belong
to the WD repeat containing protein family. Bioinformatic analysis
revealed over 700 different coronin proteins to be encoded in 350
different eukaryotic species [1,2]. In mammals, seven different cor-
onin molecules are expressed. Of these, coronin 1, also known as
P57 or TACO (for Tryptophan Aspartate containing Coat protein),
is one of the best characterized mammalian coronins and predom-
inantly expressed in leukocytes, where it localizes at the cell cortex
[3]. Coronin 1 was identiﬁed as a host factor that in resting macro-
phages protects pathogenic mycobacteria from lysosomal delivery
[3,4]. Subsequent work revealed its essential role in T cell homeo-
stasis: in the absence of coronin 1, mice are virtually devoid of
naïve T cells [5–7]. This role for coronin 1 in maintaining T cells
in the periphery was found to be a result of its role in activating
the Ca2+/calcineurin pathway following T cell receptor triggering;
interestingly, it turned out that also the function of coronin 1 in
sustaining mycobacterial survival within macrophages is a result
of the activity of coronin 1 in activating the Ca2+/calcineurinpathway [8,9]. More recently, neuronally expressed coronin 1, as
well as its homologue in the lower eukaryote Dictyostelium discoid-
eum, coronin A, has been implicated in the activation of the cAMP/
protein kinase A pathway; whether or not such an activity is also
involved in pathogen survival in macrophages and/or T cell homeo-
stasis remains to be established [10,11]. Importantly, the role for
coronin 1 as well as coronin A in promoting activation of Ca2+
and/or cAMP signaling is independent of a modulatory activity of
coronin 1 or coronin A on F-actin rearrangement, that has been
suggested to be one of the activities of coronin molecules [10–13].
Structurally, coronin 1 is organized into three domains, an
N-terminal, WD repeat-containing b-propeller connected by a
linker region to a C-terminal coiled coil domain [3,14]. Biophysical
and structural analysis demonstrated that the C-terminal 30–40
residues of coronin 1 fold into a parallel three-stranded, a-helical
coiled coil that mediates trimerization of coronin 1 molecules
[14,15]. Whereas the role for the C-terminal coiled coil in coronin
1 trimerization is well established, the importance of trimerization
for the biological activity of coronin 1 remains unclear. We here
show that trimerization is crucial for the role of coronin 1 in
activating calcineurin upon mycobacterial infection and protecting
intracellularly residing mycobacteria from lysosomal delivery and
killing. We furthermore report that in macrophages that have been
activated with the inﬂammatory cytokine interferon-c that
induces serine-phosphorylation on coronin 1 [16], coronin 1 rap-
idly monomerizes as a result of serine phosphorylation, and is
S. BoseDasgupta, J. Pieters / FEBS Letters 588 (2014) 3898–3905 3899unable to activate calcineurin. Together these results suggest that
modulation of coronin 1 oligomerization is an efﬁcient strategy
for the host immune response to modulate the survival of intracel-
lularly residing mycobacteria.
2. Materials and methods
2.1. DNA constructs
The short hairpin (sh) RNA unresponsive coronin 1 construct
was generated by site directed mutagenesis of the shRNA respon-
sive region in the pCB6-Cor1-HA clone [17] using the sense primer
50-CCCCTAGGCAAGACTGGACGTGTGGACAAGAACGTGCCC-30 where
the mutated nucleotides are shown in italics and antisense primer
50-GGGCACGTTCTTGTCCACACGTCCAGTCTTGCCTAGGGG-30. Simi-
larly, shRNA mutant versions of the alanine (Cor1S4A) and phosp-
homimetic glutamate (Cor1S4E) mutants of coronin 1 to change
the serines 9, 311, 356 and 412 to either alanine or glutamic acid,
see also Fig. 3H in [16] were generated using the similar sense and
antisense primers and using Cor1S-A-EGFP and Cor1S-E-EGFP con-
structs as templates respectively. Wild type, coiled coil deleted,
alanine mutant and phosphomimetic mutant versions of coronin
1 were PCR ampliﬁed from the above constructs using the sense
primer 50-CTAGCTAGCATGAGCCG GCAGGTGGTTCGCTCC-30 for all
clones and antisense primers 50-CGCGGATCCCTAAGGTCCTCCCA
GGCTGGCATAG TCAGGCACGTCATAAGGATACTTGGCCTGAACAGTCTCC
TC-30 for the full length coronin 1, and full length alanine andA B
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Fig. 1. Coiled coil-deleted monomeric coronin 1 fails to prevent lysosomal transfer of m
J774-KD macrophages were either untransfected or transfected with the indicated constru
for coronin 1. (B) Immunolocalization of coronin 1 wild type (Cor1-WT⁄) or coronin 1 lac
coronin 1. (C,D) Bone marrow derived macrophages (BMM) or coronin 1 knocked down J
into pellet (P) and supernatant (S). The fractions were separated by SDS–PAGE and im
densitometric analysis whereby the P + S from bone marrow-derived macrophages (BM
Student’s t-test. (E) Macrophages (J774) depleted for coronin 1 were transiently transfec
(Cor1-DCC⁄), homogenized and cell homogenates were analyzed by size-exclusion c
immunoblotting following SDS–PAGE of the fractions indicated.glutamic acid mutant and antisense primer 50-CTTGGCCTGAAC
AGTCTCCTCAGGTCCTCCCAGGCTGGCATAGTCAGGCACGTCA TAAGGAT-
ACCTTGACACGGTATCCGAGCT-30 for the coiled coil-deleted clone
to be subcloned into the vector pIRES-puro3 in the NheI and NotI
sites. The sequences in italics represent the sequence coding for
the HA-tag.
2.2. Cell lines and transfection
Unless otherwise stated, J774wild type or coronin 1 knock down
(J774-KD) cells as described before [17] were used. Immortalized
bone marrowmacrophages [16], either untreated or activated with
interferon-cwere also used for puriﬁcation of coronin 1. All macro-
phages were grown in DMEM (Sigma; 4.5 g/l glucose), supple-
mented with 10% heat inactivated FBS (PAA; low endotoxin) and
2 mM L-glutamine (Sigma). Formycobacterial infectionsMycobacte-
rium bovis BCG (Pasteur strain, Trudeau Mycobacterial Culture Collec-
tion (TMC) #1011) or M. bovis BCG-GFP (Montreal strain, TMC #1012)
[3,18] were used and cultured in 7H9 containing 10% oleate-
albumin-dextrose-catalase (OADC) enrichment and including kana-
mycin 50 lg/ml in case ofM. bovis BCG-GFP. For colony forming unit
assays mycobacteria were plated on 7H11 agar plates. J774-KD
macrophages were transfected with the constructs pIRESpuro3-
Cor1⁄-HA, pIRESpuro3-Cor1DCC⁄-HA, pIRESpuro3-Cor1S-A⁄-HA and
pIRESpuro3-Cor1S-E⁄-HA using the Neon transfection system
(Invitrogen) at 1720 mV, 25 ms and 1 pulse. For transmission elec-
tron microscopy analysis, the coiled coil domain-deleted coronin 1C
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Fig. 2. Essential role for the coronin 1 C-terminal coiled coil in preventing lysosomal transfer and degradation of mycobacteria. (A) Immunoblotting for coronin 1 in
macrophages (J774) depleted for coronin 1 alone (lane 1) or expressing wild type coronin 1 (Cor1-WT⁄) (lane 2) or coronin 1 lacking the coiled coil region (Cor1-DCC⁄) (lane
3). (B) Cor1-WT⁄ or Cor1-DCC⁄ expressing coronin 1-depleted macrophages were incubated with M. bovis BCG-GFP for 1 h followed by a chase of 3 h. Thereafter cells were
ﬁxed with methanol and incubated with anti-LAMP1 antibodies followed by AlexaFluor568-conjugated secondary antibodies. Bar: 10 lm. (C) Quantitation representing
percentages of colocalization ofM. bovis BCG-GFP with LAMP1 (n = 20; three independent experiments). Asterix (****) indicates P < 0.0001, Student’s t-test. (D) Survival ofM.
bovis BCG upon infection in macrophages (J774) depleted for coronin 1 alone (left panel) or expressing wild type coronin 1 (Cor1-WT⁄) (middle panel) or coronin 1 lacking the
coiled coil region (Cor1-DCC⁄) (right panel) at the indicated time points (mean values ± S.D. from 3 independent experiments). Student’s t-test revealed that the empty vector
and the Cor1-DCC⁄ expressing cells in comparison to Cor1-WT⁄ expressing cells at 0 h time point have no signiﬁcant difference but at 24 h the signiﬁcance levels are P < 0.05
and P < 0.01 respectively, while at 48 h time point the signiﬁcance levels are P < 0.001 for both.
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Lipofectamine LTX (Invitrogen/Life Technologies), overexpressed
and puriﬁed as described below.
2.3. Reagents and antibodies
Interferon-cwas from R & D, stocks of 100 lg/ml were prepared
in sterile PBS and for activation 1000 U/ml was used. Puromycin,
Kanamycin and G418 were from Sigma, stocks were prepared at
20 mg/ml, 50 mg/ml and 400 mg/ml in water respectively. Coronin
1 antibodies were either polyclonal rabbit antisera as described
before [14] or monoclonal mouse anti-coronin 1 (Abcam). Other
antibodies used were: mouse monoclonal anti-actin (Millipore),
mouse monoclonal anti-HA (Santa Cruz), rat monoclonal anti-
LAMP-1 clone 1D4B (IgG2a; developed by T. August and obtained
from the Developmental Studies Hybridoma Bank at the University
of Iowa). All secondary antibodies (Southern Biotech) for western
blotting were horseradish peroxide (HRP)-conjugated goat and
donkey anti-rabbit and goat anti-mouse. All secondary antibodies
for immunoﬂuorescence (Molecular Probes) were AlexaFluor488
or -568-conjugated anti-rabbit, anti-mouse, anti-rat raised in goat.
2.4. Quantitations
For lysosomal transfer quantitations, the number of LAMP1
positive mycobacteria-containing cells were divided by the totalnumber of cells analyzed and multiplied by 100 to result in the
percentage of lysosome-transferred mycobacteria. For colony
forming unit analysis the samples were diluted 1:10 and plated
onto 7H11 agar plates. Thereafter the colonies formed were
counted and multiplied by 10. Shown are mean values (±S.D.) from
3 independent experiments and plotted corresponding to each
time point.
2.5. Cell fractionation
Cell fractionation was performed essentially as described [16].
Brieﬂy, J774-KD cells alone or expressing the shRNA resistant con-
structs were resuspended in ice cold homogenization buffer
(20 mM HEPES, pH7.9, 10 mM NaCl, 0.5 mM EDTA, 200 mM
sucrose, 0.5 mM PMSF and protease and phosphatase inhibitor
cocktail (Aprotinin, Bestatin, E-64, Leupeptin, Sodium ﬂuoride,
Sodium orthovanadate, Sodium pyrophosphate, b-glycerophos-
phate, (Thermo Scientiﬁc)), incubated on ice for 10 min followed
by homogenization using a Dounce homogenizer (2 ml volume
with piston B, 10-15 strokes) on ice. The homogenates were centri-
fuged for 10 min at 4 C at 400g to remove the nuclear pellet. The
post-nuclear supernatant was centrifuged at 18000g for 15 min
at 4 C. The resulting ‘Pellet’ served as the plasma membrane frac-
tion, while the ‘Supernatant’ includes the non-plasma membrane
fraction [19]. The ‘Pellet’ was solubilized with 1% sodium-b-D-mal-
toside in homogenization buffer on ice and then suspended in the
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Fig. 3. Macrophage activation converts trimeric coronin 1 to a monomer. (A,B) Coronin 1 puriﬁed from non-activated or interferon-c-activated bone marrow-derived
macrophages either (A) kept untreated or (B) treated with alkaline phosphatase, were analyzed by size-exclusion chromatography followed by SDS–PAGE and
immunoblotting of the eluted fractions using anti-coronin 1 antibody. (C) Immunoblotting for coronin 1 after electrophoresing lysates by SDS–PAGE frommacrophages (J774)
depleted for coronin 1 and transiently transfected with (lane 1) empty vector, (lane 2) wild type coronin 1 (Cor1-WT⁄), (lane 3) the serine to alanine mutant of coronin 1
(Cor1-S4A⁄) or (lane 4) the serine to glutamic acid mutant of coronin 1 (Cor1-S4E⁄). (D) Macrophages (J774) depleted for coronin 1 and transiently transfected with Cor1-WT⁄
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analysis by size-exclusion chromatography. The presence of the coronin 1 proteins was analyzed using immunoblotting following SDS–PAGE of the fractions indicated.
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tion at 20000g for 10 min at 4 C. Proteins quantitated from the
‘Pellet’ and the ‘Supernatant’ fractions, were separated by SDS–
PAGE (10%) followed by immunoblotting. Results shown are repre-
sentative data obtained from three independent experiments.
2.6. Subcellular fractionation and size exclusion chromatography
Cells were harvested by scraping and homogenized in 10 mM
triethanolamine, 10 mM acetic acid, 1 mM EDTA, 250 mM sucrose,
pH 7.4 with a syringe and a 22-gauge 1/4 needle [20]. The nuclei
were sedimented by centrifugation at 400g for 10 min at 4 C
and the post-nuclear supernatant were centrifuged at 18000g
for 15 min at 4 C. The supernatant was kept aside and the pellet
was solubilized with 1% sodium-b-D-maltoside in homogenization
buffer on ice, kept on ice for 15 min followed by centrifugation at
20000g for 10 min at 4 C. Both the solubilized pellet and super-
natant fraction were supplemented with 2% (wt/vol ﬁnal concen-
tration) n-octylglucopyranoside (Sigma–Aldrich) followed by an
incubation on ice for 30 min. Subsequently the samples were ﬁl-
tered (0.2 lm), the protein concentrations were adjusted to
5 mg/ml, and 100 ll sample was loaded onto a Sephadex S200
10/300 column (GE Healthcare). Twenty eight fractions (1 ml) were
collected, pooled per two and precipitated with 1/5 volume of
100% trichloro-acetic acid (TCA) for 1 h at 4 C, followed by two
washes in 100% acetone and air dried for 1 min. Samples were dis-
solved in water and boiled with Laemmli buffer, followed by load-
ing on 10% SDS–PAGE gel. Results shown are representative data
obtained from three independent experiments.2.7. Protein analysis
After standard SDS–PAGE separation of proteins (10% acrylam-
ide), proteins were blotted onto Hybond-C Super nitrocellulose
membrane (Amersham Biosciences) by using the semidry transfer
cell (Bio-Rad). Detection of coronin 1, actin, hemagglutinin-tag,
was performed using anti-coronin 1 antiserum (1:10000), anti-
actin mAb (1:10000, Millipore), anti-HAmAb (1:1000; Santa Cruz),
respectively, followed by goat anti-rabbit or goat anti-mouse anti-
sera coupled to horseradish peroxidase (Southern Biotechnology
Associates, Birmingham, AL). Blots were exposed to X-ray ﬁlms
(Fujiﬁlm) after enhanced chemiluminescence reaction (ECL; Ther-
moScientiﬁc). Biochemical experiments were performed at least
three times, and representative results are shown. Signal intensi-
ties were quantiﬁed by densitometric analysis using the inverted
images of the blots in Fiji [21].
2.8. Immunoﬂuorescence analysis
Macrophages were seeded onto Teﬂon-coated 10 well slides
(BD Falcon) followed by the treatments as indicated. Cells were
ﬁxed with 4% paraformaldehyde in phosphate-buffered saline
(PBS) and permeabilized using 0.2% saponin. After blocking with
5% FBS/BSA in phosphate buffered saline, cells were stained with
the primary antibodies as indicated (diluted in Dulbecco’s PBS
(D-PBS) containing 5% FBS) for 1 h at room temperature, followed
by incubation with AlexaFluor-conjugated secondary antibodies
(diluted in D-PBS containing 5% FBS) for 30 min at room tempera-
ture. Slides were embedded using Pro-Long antifade (Molecular
3902 S. BoseDasgupta, J. Pieters / FEBS Letters 588 (2014) 3898–3905Probes), mounted with coverslips and analyzed using a Zeiss
LSM510 Meta confocal laser-scanning microscope. For quantita-
tion, 30 cells were analyzed in three separate experiments and
the mean ± S.D. is displayed.
2.9. Mycobacterial infection and survival assays
Infection with mycobacteria was carried out as described
previously [3]. Initially clumped mycobacteria were removed by
centrifuging the mycobacterial culture in 7H9 at 240g for
5 min. Thereafter mycobacteria were pelleted at 2650g rpm for
5 min at 30 C in a swinging bucket rotor, followed by 3 washes
in DMEM and ﬁnally diluting it to an OD600 nm of 0.1 for adding
it to the cells. Transfected macrophages as indicated were seeded
on 10-well glass slides (10000 cells for immunoﬂuorescence) or
48 well plates (for colony forming unit enumeration, CFU) and
incubated with mycobacteria at OD600 nm of 0.1 for 1 h, treated
with amikacin (100 lg/ml) in DMEM, washed with DMEM fol-
lowed by a chase for indicated time points.
2.10. Puriﬁcation of coronin 1
Puriﬁcation of coronin 1 was essentially performed as described
before [10,14]. Brieﬂy, HEK293 cells or bone marrow macrophages,
either non-activated or activated with interferon-c, were washed
twice with ice-cold PBS, lysed for 15 min on ice with 5 ml of
T-X100 lysis buffer per dish (50 mM Tris–HCl, pH 7.5, 137 mM
NaCl, 2 mM EDTA, 1 mM PMSF, 10% glycerol, 1% Triton X-100,
0.05% digitonin along with HALT protease and phosphatase inhib-
itor (GE healthcare)). Lysates were pooled and centrifuged at
1800g for 5 min at 4 C. The lysate was passed through a
0.45 lm ﬁlter and loaded onto an anti-coronin 1 column (5 ml)
prepared by crosslinking anti-coronin 1 rabbit antiserum to NHS-
coupled sepharose beads (GE healthcare). The column was washed
with 100 mM glycine pH 8 followed by elution of the bound coro-
nin 1 with 100 mM glycine pH 3. Fractions were collected (0.5 ml)
and immediately neutralized using 1/10 volume of 1 M Tris–HCl,
pH 8. Protein concentration was determined using BCA with
bovine plasma gamma globulin (BioRad) as a standard and the cor-
onin 1-containing fractions were concentrated followed by buffer
exchange using an Amicon centrifuge column (4 ml, 3 kDa cutoff).
2.11. Alkaline phosphatase treatment
Coronin 1 (100 lg), puriﬁed from resting or interferon-c-
activated macrophages were incubated with 50 units of shrimp
alkaline phosphatase (Roche) in the supplied phosphatase buffer
(100 mM NaCl, 50 mM Tris–HCl, 10 mM MgCl2, 1 mM dithiothrei-
tol pH 7.9) and incubated at 37 C for 2 h. Thereafter the samples
were concentrated in a 0.5 ml 10 kDa cutoff Centricon (Millipore)
to carry out a buffer exchange into Hanks Balanced Salt Solution
(HBSS, 0.137 M NaCl, 5.4 mM KCl, 0.25 mM Na2HPO4, 1% glucose,
0.44 mM KH2PO4, 1.3 mM CaCl2, 1.0 mM MgSO4, 4.2 mM NaHCO3)
by two centrifugation steps at 20000g for 30 min each. Next the
samples were left on ice for 1 h followed by loading onto a size-
exclusion column.
2.12. Specimen preparation and transmission electron microscopy
A 5-ll aliquot of afﬁnity-puriﬁed coronin 1 complexes (70 lg/
ml) was applied to a weakly glow-discharged carbon coated 400-
mesh/inch copper grid. The sample was allowed to adsorb for
30 s, washed twice with distilled water, and negatively stained
with 0.75% (wt/vol) uranyl formate, pH 4.25, as described previ-
ously [22]. Specimens were examined in a Fei Morgaghni 268Dtransmission electron microscope, operated at an accelerating volt-
age of 80 kV and at a nominal magniﬁcation of 89000.
2.13. Calcineurin activity
Calcineurin activity was analyzed essentially as described in [8].
Brieﬂy, interferon-c-activated (20 h) macrophages or macrophages
expressing either wild-type or coiled-coil-deﬁcient coronin 1 were
either kept untreated or infected with M. bovis BCG at an
OD600 nm of 0.01 for 3 h. Thereafter, cells were sedimented at
850g for 5 min at 4 C and washed three times with ice-cold
Tris-buffered saline (150 mM NaCl, 20 mM Tris–HCl at pH 7.2).
Subsequently, the cell pellet was lysed in lysis buffer (50 mM
Tris–HCl, 1 mM DTT, 100 mM EDTA, 100 mM EGTA, 0.2% NP 40 at
pH 7.4) containing protease inhibitors. Cytosolic fractions were
isolated by centrifugation at 100000g for 1 h at 4 C. The cleared
supernatants were passed through a P6 DG desalting column to
remove free phosphates/nucleotides from the extract. Okadaic
acid-resistant and EGTA sensitive, calcineurin activity was carried
out for different samples using equal volumes of the phosphate
free extract on 96-well plate using equal volumes of cytosol. The
150 lM RII phosphopeptide was used as the standard. Calcineu-
rin-speciﬁc phosphate release was measured in the following
buffer: 100 mM NaCl, 50 mM Tris, 6 mM MgCl2, 0.5 mM CaCl2,
0.5 mM DTT 0.025% NP-40 at pH 7.5 including 2.5 lM okadaic acid
in a total volume of 50 ll. To determine background, the same buf-
fer excluding the RII phosphopeptide was used. After incubating
the plates for 30 min at 30 C the released free phosphate was
detected using malachite green by monitoring the absorption at
OD620 nm. Using the phosphate standards generated in parallel
during the assay, the values were converted to nanomoles of phos-
phate released. Results were obtained from three independent
experiments.3. Results
3.1. Expression, localization and oligomerization of coronin 1 lacking
the coiled coil in macrophages
Coronin 1 is expressed in macrophages where it functions to
prevent the delivery of mycobacteria from phagosomes to lyso-
somes thereby allowing mycobacterial survival [3,8,17]. Coronin
1 forms trimers, and previous work analyzing coronin 1 expressed
in human embryonic kidney (HEK293) cells revealed an essential
role for the C-terminal coiled coil in coronin 1 trimerization [14].
To analyze a role for the coiled coil in macrophages, J774 cells in
which coronin 1 was down regulated using shRNA against coronin
1 (J774-KD; see [17]) were transfected with a cDNA encoding wild
type or coronin 1 lacking the coiled coil domain. Both constructs
harbored two silent mutations in the shRNA responsive region to
render the corresponding mRNA unresponsive to the shRNA
(denoted with coronin 1-WT⁄ and coronin 1-DCC⁄ with the *
indicating the mutations in the shRNA responsive region; see the
Section 2). Transfection of wild type coronin 1 (Cor1-WT⁄) or cor-
onin 1 lacking the coiled coil domain (Cor1-DCC⁄) into J774-KD
macrophages followed by cell lysis and analysis of protein expres-
sion by SDS–PAGE and immunoblotting revealed efﬁcient expres-
sion of both the shRNA unresponsive Cor1-WT⁄ or Cor1-DCC⁄ in
J774-KD cells (Fig. 1A, lanes 2 and 3). Furthermore, analysis of
the subcellular localization of coronin 1 or coronin 1 lacking the
coiled coil region revealed that both Cor1-WT⁄ as well as Cor1-
DCC⁄ were localized at the cell cortex in addition to a cytoplasmic
distribution, as observed before in HEK293 cells (Fig. 1B), [14]. To
address the subcellular distribution of wild type coronin 1 and cor-
onin 1 lacking the coiled coil domain biochemically, J774-KD cells
S. BoseDasgupta, J. Pieters / FEBS Letters 588 (2014) 3898–3905 3903alone or expressing Cor1-WT⁄ or Cor1-DCC⁄ (Fig. 1C and D) were
homogenized and separated into a pellet and supernatant fraction
corresponding to membrane and cytosol and analyzed by SDS–
PAGE and immunoblotting. As shown in Fig. 1C and D, both wild
type as well as Cor1-DCC⁄ were predominantly associated with
the pellet fraction. Together the immunolocalization and biochem-
ical fractionation results suggest that the absence of the coiled coil
domain of coronin 1 is dispensable for its subcellular localization at
the cell cortex in macrophages.
Previous studies in HEK293 cells had shown that although the
coiled coil-deleted coronin 1 localized to the cell cortex, it lost its
ability to trimerize and became a monomer. To analyze the impor-
tance of the coiled coil domain for coronin 1 oligomerization in
macrophages, the oligomeric state of wild type or coiled coil-less
coronin 1 was analyzed using size exclusion chromatography. To
that end, J774-KD cells expressing wild type orDCC coronin 1 were
homogenized, and total homogenates loaded on an S200 size frac-
tionation column (Fig. 1E). Fractions were collected and analyzed
using SDS–PAGE and immunoblotting for the presence of coronin
1. As shown in Fig. 1E, while wild type coronin 1, as expected,
eluted at a position corresponding to a molecular mass of
160 kDa, coronin 1-DCC eluted at 50 kDa, suggesting that also
in macrophages, the coronin 1 C-terminal coiled coil is important
for its trimerization.
3.2. Essential role of the coronin 1 coiled coil domain for protection of
mycobacteria from lysosomal transfer and killing within macrophages
In macrophages, coronin 1 is required to block lysosomal trans-
fer of intracellularly residing mycobacteria thereby allowing sur-
vival within phagosomes [3,8]. To analyze whether trimerization
was necessary for the activity of coronin 1 to promote mycobacte-
rial survival, wild type coronin 1 (Cor 1-WT⁄) or coronin 1-DCC
(Cor1-DCC⁄) were expressed in J774-KD cells followed by infection
with mycobacteria expressing the green ﬂuorescent protein for 1 h,
washed, and chased for 3 h. Cells were ﬁxed and the mycobacterial
localization was analyzed by staining the cells for the lysosomal
marker LAMP1. As shown in Fig. 2A–C, as expected, in J774-KD
cells expressing wild type coronin 1 the internalized mycobacteria
remained outside lysosomes as judged by their localization outside
LAMP1 positive structures. In contrast, in macrophages expressing
coronin 1-DCC, virtually all internalized mycobacteria colocalized
with LAMP1.
To analyze the consequences of deleting the coronin 1 coiled
coil domain for intracellular survival of mycobacteria, cells
expressing either wild type or coiled coil-deleted coronin 1 were
infected with mycobacteria for 1 h, followed by a chase for the
times indicated in Fig. 2D. At each time point, cells were lysed,
and mycobacterial survival was analyzed by colony forming unit
enumeration. As shown in Fig. 2D, mycobacteria were able to pro-
liferate in cells expressing wild type coronin 1. In contrast, expres-
sion of coronin1-DCC failed to support mycobacterial growth,
similar to J774-KD cells transfected with vector alone. These
results suggest that the coiled coil domain of coronin 1 is essential
for its activity to block lysosomal delivery and sustain the survival
of intracellularly residing mycobacteria.
3.3. Induction of coronin 1 monomerization by cytokine-induced
phosphorylation
Recent studies showed that activation of macrophages that is
known to result in mycobacterial death induces phosphorylation
of coronin 1 on serine 9, 311, 356 and 412 [16]. Interestingly, in
cytokine-activated macrophages, coronin 1 remained associated
with macropinosomes harboring mycobacteria, but was not able
to prevent lysosomal transfer of the bacilli [16]. To analyzewhether macrophage activation and/or coronin 1 phosphorylation
was modulating the oligomeric state of coronin 1, the protein was
puriﬁed by afﬁnity chromatography from either resting or inter-
feron-c-activated macrophages and subjected to size exclusion
chromatography as described above. Analysis of the eluted frac-
tions by SDS–PAGE and immunoblotting for coronin 1, revealed
that coronin 1 eluted at a position of 160 kDa in resting macro-
phages (Fig. 3A, upper panel), consistent with trimerization. Upon
macrophage activation, however, the bulk of coronin 1 was
retrieved around the 44 kDa marker, suggesting the predominant
presence of coronin 1 monomers (Fig. 3A, lower panel). Removal
of the phosphates from coronin 1 that had been puriﬁed from
interferon-c-activated macrophages by incubation with alkaline
phosphatase resulted in trimerization of coronin 1, as judged by
the relative mobility following size exclusion chromatography
(Fig. 3B).
To directly analyze whether the interferon-c-induced coronin 1
phosphorylation was responsible for monomerization, J774-KD
macrophages were transfected with plasmids encoding either wild
type coronin 1 or a serine to alanine (Cor1-S4A⁄) or serine to
phosphomimetic glutamic acid mutant (Cor1-S4E⁄) in which the
siRNA responsive region was mutated (Fig. 3C). Transfected macro-
phages were homogenized and protein complexes separated by
size exclusion chromatography. Subsequently, the eluted fractions
were analyzed by SDS–PAGE and immunoblotted for the presence
of coronin 1. As shown in Fig. 3D, while in both resting as well as
interferon-c-activated macrophages the serine to alanine coronin
1 mutant eluted as a trimer, the phosphomimetic serine to glu-
tamic acid mutant eluted as a monomer regardless of the activa-
tion state of the macrophages. These data suggest that the
transition from trimer to monomer is regulated by serine phos-
phorylation on coronin 1.
3.4. Analysis of coronin 1 oligomerization in resting and activated
macrophages by transmission electron microscopy
In order to visualize the oligomeric state of coronin 1, coronin 1
was puriﬁed from untreated and interferon-c-activated macro-
phages as well as from HEK293 cells expressing coronin 1 lacking
the coiled coil domain. These proteins were then afﬁnity puriﬁed
as described in Section 2 and analyzed by transmission electron
microscopy (Fig. 4). For wild type coronin 1, the distributed parti-
cles exhibited a threefold symmetry corresponding to the three
monomeric globular domains joined together to form a trefoil-like
ﬂexible structure, as observed before [14], with the globular
domains likely corresponding to individual b-propeller domains
present in the monomers. Analysis of puriﬁed coronin 1 lacking
the coiled coil domain (Cor1-DCC) failed to show the trefoil-ﬂexible
structure instead revealing the globular domains as singular
entities. Similarly, coronin 1 puriﬁed from interferon-c-activated
macrophages also exhibited predominantly single globular struc-
tures corresponding to each monomer of coronin 1. This analysis
therefore further conﬁrms the monomerization of coronin 1 upon
deletion of the coiled coil domain or upon macrophage activation.
3.5. Lack of calcineurin activation upon mycobacterial infection in cells
expressing coronin 1-DCC or activated macrophages
Coronin 1 is required for the activation of the phosphatase cal-
cineurin upon mycobacterial infection, thereby blocking lysosomal
delivery of the internalized bacilli [8]. Given the inability of macro-
phages expressing either coronin 1 lacking the coiled coil domain,
or interferon-c-activated macrophages (that renders coronin 1
monomeric) to protect intracellularly residing mycobacteria, we
analyzed whether coronin 1 trimerization was required for calci-
neurin activation. To this end, J774-KD cells were transfected with
Coronin 1-WT
Coronin 1-ΔCC
Coronin 1-WT+ IFNγ
A
B
C
Fig. 4. Transmission electron microscopy of trimeric and monomeric coronin 1.
Coronin 1 puriﬁed from bone marrow macrophages either untreated (A) or
activated with interferon-c-(B) or from HEK293 cells expressing coiled coil deleted
coronin 1 (Cor1-DCC⁄) (C) were processed for electron microscopic analysis at
89000magniﬁcation. Representative images from three independent experiments
are provided.
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with mycobacteria followed by the determination of calcineurin
activity. Basal calcineurin activity was low both in the uninfected
wild type or the coiled coil mutant expressing cells (Fig. 5A). While
in wild type macrophages expressing full length coronin 1, myco-
bacterial infection resulted in a drastic increase of calcineurin
activity, this was not the case in cells expressing coronin 1 lacking
the coiled coil domain (Fig. 5A).
Similarly, macrophage activation by interferon-c prior to myco-
bacterial infection failed to activate calcineurin (Fig. 5B). Together
these data suggest that trimerization of coronin 1 is essential for its1.4
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Fig. 5. Calcineurin activity. (A,B) Macrophages, either wild type (J774) or (A) coronin 1-de
DCC⁄) or (B) upon activation with interferon-c were either kept non-infected or infected
from the cell lysates. Asterix (**) indicates P < 0.01 while (***) indicates P < 0.001 betwecapacity to activate calcineurin in order to prevent mycobacterial
trafﬁc to lysosomes followed by their degradation.
4. Discussion
The virulence of mycobacteria is intimately linked to their abil-
ity to survive in macrophages. In contrast to most other microbes,
that following phagocytosis are normally routed to lysosomes for
rapid and efﬁcient degradation, pathogenic mycobacteria have
evolved strategies to evade lysosomal delivery [9,23,24]. One of
the host factors that is involved in evasion of lysosomal delivery
and mycobacterial death is the protein coronin 1. Coronin 1, also
known as P57 or TACO (for Tryptophan Aspartate containing Coat
protein), is a member of the highly conserved protein family of cor-
onins, and occurs as a trimer in macrophages where it is localized
at the cell cortex [14,15]. Upon mycobacterial entry, coronin 1 is
recruited to and retained at the phagosomal membrane and pre-
vents lysosomal delivery and killing of mycobacteria through the
activation of the Ca2+/calcineurin pathway [1,3,8]. In this work,
we show that trimerization of coronin 1 via the coiled coil domain
is essential for its activity to promote mycobacterial survival. We
found that in cells expressing a coronin 1 mutant lacking the coiled
coil domain, mycobacterial entry failed to induce calcineurin activ-
ity and mycobacteria were rapidly delivered to lysosomes and
killed. We here also show that upon interferon-c activation,
coronin 1 was rendered monomeric explaining the inability of
mycobacteria to evade lysosomal delivery and killing in inter-
feron-c-activated macrophages.
Although coiled coils function as independent protein domains,
the results presented here suggest that posttranslational modiﬁca-
tions in other parts of the coiled coil domain-containing proteins
may inﬂuence their oligomeric state. Indeed, the observed mono-
merization of coronin 1 following interferon-c activation is due
to protein kinase C-mediated phosphorylation of serine residues
9, 311, 356 and 412 [16]. Phosphorylation of coronin 1 on these
serine residues might result in an alteration in the overall charge
of the protein, which in turn could result in an intersubunit steric
repulsion, possibly breaking the salt bridge interaction within the
coiled coil domain and exposing hydrophobic residues that would
impair trimerization [14,15]. In accordance with such a scenario,
while a coronin 1 mutant in which the four serines were mutated
to alanine maintained the trimeric organization, changing the
serine residues to phosphomimetic glutamic acid abrogated
trimerization.J7
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ﬁcient (J774-KD) expressing the shRNA resistant coiled coil deleted coronin 1 (Cor1-
with M. bovis BCG, followed by cell lysis and measurement of calcineurin activity
en resting and infected macrophages.
S. BoseDasgupta, J. Pieters / FEBS Letters 588 (2014) 3898–3905 3905Consistent with a requirement of coronin 1-mediated calcineu-
rin activation for promoting mycobacterial survival within macro-
phages [8], monomeric coronin 1 that was unable to prevent
mycobacterial transfer to lysosomes and death failed to induce
calcineurin activity, suggesting that trimerization of coronin 1 is
a prerequisite for calcineurin activation. The coronin 1-induced
activation of calcineurin could have both global as well as local
consequences, whereby globally it could be important in
dephosphorylating a number of targets involved in phagosome
maturation, and locally it may be required to keep coronin 1 in a
non-phosphorylated state thereby retaining coronin 1 in a non-
phosphorylated, trimeric form at the phagosomal membrane.
The advent of drug resistant mycobacteria has resulted in
limited possibilities for therapeutic interventions against these
pathogens and hence an alternative and effective method may be
to target the host proteins crucial for mycobacterial survival
[25,26]. Together the work described here provides evidence for
an important role of trimerization of the host protein coronin 1
in allowing mycobacterial survival within macrophage phago-
somes. Given the detailed understanding of the requirements of
the coronin 1 coiled coil domain for trimerization at the molecular
level [15], targeting coronin 1 trimerization may provide an effec-
tive strategy to induce intramacrophage killing of pathogenic
mycobacteria. Peptidomimetics are emerging as new interventions
against various diseases [27,28]. Designing an effective peptidom-
imetic that would hinder the trimerization of coronin 1 may help
to overcome the phagosome maturation block and induce myco-
bacterial killing.
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